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Abstract. If dark matter consists of weakly interacting massive particles (WIMPs), dark
matter subhalos in the Milky Way could be detectable as gamma-ray point sources due to
WIMP annihilation. In this work, we perform an updated study of the detectability of dark
matter subhalos as gamma-ray sources with the Fermi Large Area Telescope (Fermi LAT).
We use the results of the Via Lactea II simulation, scaled to the Planck 2015 cosmological
parameters, to predict the local dark matter subhalo distribution. Under optimistic assump-
tions for the WIMP parameters — a 40 GeV particle annihilating to bb¯ with a thermal
cross-section, as required to explain the Galactic center GeV excess — we predict that at
most ∼ 10 subhalos might be present in the third Fermi LAT source catalog (3FGL). This is
a smaller number than has been predicted by prior studies, and we discuss the origin of this
difference. We also compare our predictions for the detectability of subhalos with the number
of subhalo candidate sources in 3FGL, and derive upper limits on the WIMP annihilation
cross-section as a function of the particle mass. If a dark matter interpretation could be
excluded for all 3FGL sources, our constraints would be competitive with those found by
indirect searches using other targets, such as known Milky Way satellite galaxies.
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1 Introduction
About 85% of all matter in the Universe is dark matter [1–4]. The most popular class of dark
matter particle candidates is that of weakly interacting massive particles (WIMPs). These
particles achieve the appropriate relic density through self-annihilation in the early-universe,
and can be searched for with astrophysical data through the measurement of secondary
particles produced in their annihilation in regions of high dark matter density (see e.g. Refs.
[5, 6] for recent reviews), including the Galactic center (see e.g. Refs. [7–19]), subhalos in
the Milky Way [20–36] and dark matter mini-spikes around intermediate-mass black holes
[37–49].
In this study we perform an updated analysis of the detectability of point-like dark
matter subhalos with the Fermi Large Area Telescope (Fermi LAT). Taking the host halo
of the Via Lactea II (VL-II) simulation as a proxy for the dark matter halo hosting the
Milky Way, we calculate the number of dark matter subhalos one would expect to appear as
unidentified sources in the recently released Fermi LAT third source catalog (3FGL) [50] for
different benchmark dark matter particle models. We consider the actual subhalos present in
the VL-II simulation, with halo concentrations scaled to the latest cosmological parameters
as measured by Planck [51], to determine the local subhalo distribution. In this article by
subhalos we mean all halos within 400 kpc from the Galactic center (roughly the virial radius).
We include all subhalos in VL-II that are well resolved in the VL-II simulation, i.e. those
more massive than ∼ 105M. We compare our predicted number of detectable subhalos to
the number of dark matter subhalo candidate sources in 3FGL identified in Ref. [36] to place
upper limits on the dark matter annihilation cross-section. Our work updates the predictions
of Ref. [28], who adopted a similar approach using VL-II, and compares those predictions to
the most current source catalog available from the Fermi LAT.
– 1 –
Our analysis also provides a test of the dark matter interpretation of the gamma-ray
excess in data from the Fermi Large Area telescope (LAT) that has been recently discovered
from the center of our Galaxy [52–59]. Although astrophysical sources might explain the
excess [60–70], and dwarf galaxies partially constrain the dark matter interpretation, we
provide here complementary constraints by estimating the number of subhalos that should
have been detected by Fermi LAT assuming values of the WIMP mass and annihilation
cross-section compatible with the Galactic Center excess.
The paper is organised as follows: in section 2, we discuss the subhalos in VL-II that
we use as a proxy for the subhalos in the Milky Way and their WIMP annihilation flux. In
section 3, we discuss the 3FGL source catalog of Fermi LAT and the energy flux thresholds
we use to define subhalo detectability. Our results are presented in section 4. Finally, a
discussion of the results and our conclusions are given in section 5.
2 Gamma rays from subhalos
2.1 Subhalos in Via Lactea II
In the past decade, cosmological numerical simulations run on powerful supercomputers led
to a substantial improvement in our capability to estimate the dark matter distribution in
galaxies such as the Milky Way. We make use in this paper of the Via Lactea II (VL-II) simu-
lation [71], which includes only dark matter particles and does not take into account baryonic
effects. The simulated MW halo contains numerous smaller substructures, as predicted by
the ΛCDM theory of hierarchical structure formation. The smallest subhalos resolved in VL-
II are ∼ 105M. We discard all subhalos at a distance greater than 400 kpc (approximately
the virial radius of the Milky Way) from the Galactic center, since small halos (compared to
the host mass of ∼ 1012M) at larger radii are unlikely to produce interesting results.
In this work, we model the density profiles of the VL-II subhalos using a Navarro-Frenk-
White (NFW) [72] profile
ρ(r) =
ρs(
r
rs
) [
1 +
(
r
rs
)]2 (2.1)
where ρs and rs, the scale density and scale radius, respectively, are characteristics of in-
dividual halos. Assuming an Einasto profile instead of a NFW profile would result in only
marginally higher luminosities [25].
When a subhalo falls into the host halo, tidal stripping removes mass from the outer
parts of subhalos [73]. This effect can be approximated by removing the mass beyond a ‘tidal’
radius, defined as the radius at which the subhalo density is equal to the host density. Since
the tidal radius is often larger than the NFW scale radius of an infalling halo, the matter
within the NFW scale radius of a halo is mostly preserved [74]. Indeed, in VL-II, the tidal
radii of halos (defined as the radii at which the subhalo densities equal the host halo density)
are always larger than their scale radii.
In order to calculate the NFW parameters, we extract from the numerical simulation
Vmax and rV max, defined as the maximum circular velocity of the subhalo, and the radius at
which this velocity is reached. We scale rVmax to the Planck 2015 cosmological parameters
(see Appendix). To be conservative, we do not include the possible annihilation boost due
to sub-substructures, i.e. substructures within subhalos (e.g., [29, 75]).
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2.2 Gamma rays from WIMP annihilations
In this work, we consider the continuous gamma-ray spectrum produced as a result of anni-
hilations of (Majorana) WIMPs in dark matter subhalos. The differential annihilation flux
in photons per unit time, area, and energy from a dark matter halo is given by
dΨ
dEγ
=
dN
dEγ
〈σv〉
8pim2χ
· J, (2.2)
where dNdEγ is the number of photons per photon energy produced per annihilation, 〈σv〉 is
the relative velocity of the particles times the annihilation cross-section, averaged over the
velocity distribution, mχ is the dark matter particle mass, and J (the “astrophysical” term)
is given by
J =
∫
Ω
dΩ
∫
l.o.s.
ρ2χ(l,Ω)dl (2.3)
where ρχ is the dark matter mass density, and the integration is along the line-of-sight l and
over the solid angle Ω. We obtain the gamma-ray spectrum dN/dEγ in Eq. 2.2 from [76].
If one considers the object of interest (e.g., a dark matter subhalo) to be at a distance
great enough for it to be treated as a point source, one can write
Jpointlike =
1
d2
∫ rs
0
4pir2ρ(r)2dr (2.4)
where we choose to integrate out to the scale radius instead of the virial radius, since ∼ 90 %
of the luminosity is generated within the scale radius.
For simplicity, we are interested in subhalos that would appear point-like to Fermi
LAT, since determining the detectability of an extended source with the Fermi LAT depends
strongly on the location in the sky and the properties of nearby sources and diffuse emission.
For this reason, we declare a subhalo to be spatially extended if its angular extent on the
sky is larger than the 68 % containment angle of Fermi LAT at 1 GeV, since the gamma-ray
spectrum resulting from WIMP annihilations peaks around this energy (see section 2.2). The
68 % containment angle at 1 GeV of the Fermi LAT is ∼ 0.8 degrees for Pass 7 source events
(P7REP SOURCE V15), used for the production of 3FGL [50]. Thus, our spatial extension
threshold for defining a source as point-like is
ext =
180
pi
arctan(rs/d) < 0.8 degrees (2.5)
where rs is the scale radius and d is the distance between the observer and the subhalo. The J-
factors of point-like subhalos were calculated using Eq. 2.4. For spatially extended subhalos,
however, we will correct the J-factors for spatial extension by integrating the luminosity out
to the containment angle rather than the scale radius. The results for extended sources will
be presented separately.
In the left panel of Fig. 1 we show contours of constant flux in the distance vs. dark mat-
ter halo mass plane. The J-factors of subhalos were calculated using Eq. 2.4 and assuming
NFW profiles with concentrations given by Eq. 11 in [25] at RGC = 8 kpc. The corresponding
fluxes were calculated for the case of a 100 GeV dark matter particle annihilating to bb¯ at
a thermal cross-section 〈σv〉 = 3 · 10−26 cm3 s−1. Note that for a photon flux threshold of
1.35 · 10−12 erg cm−2 s−1 (dashed line in the figure), which corresponds to the peak of the
distribution of energy fluxes above 1 GeV of sources in 3FGL (see left panel of Fig. 2 and
section 3), subhalos with masses less than 107 M are not detectable at distances greater
than ∼ 3 kpc.
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Figure 1: Left: Contours of constant gamma-ray flux in the energy range 1 − 100 GeV from
dark matter subhalos of given mass as a function of their distance from the observer, assuming
a 100 GeV dark matter particle annihilating to bb¯ at a thermal cross-section. Moving one
contour to the right corresponds to an increase in flux of one order of magnitude, with the
dotted line indicating a flux of 10−14 erg cm−2 s−1 for reference. The dashed line corresponds
to the conservative flux threshold for inclusion in 3FGL used in the rest of this paper (see
section 3). Right: The number of sources in 3FGL identified as possible dark matter subhalos
in Ref. [36] as a function of dark matter particle mass, in the case of annihilations to bb¯.
3 The 3FGL source catalog
Recently, the Fermi LAT collaboration has released the 3FGL catalog [50], which includes
sources that were detected at 5σ with 6 years of data. In total, this catalog contains 3034
sources, many of which are associated with Active Galactic Nuclei or pulsars, thanks to
astronomical studies at other wavelengths. There are 992 sources, however, that have not
been associated with emission at other wavelengths. A subset of these are expected to
be pulsars and AGN that have not yet been associated. Sources that were not associated
in earlier Fermi LAT catalogs have subsequently been associated with pulsars or AGN in
3FGL, and the same is expected to happen with more multi-wavelength data for many of the
unassociated sources in 3FGL (see, e.g., the analysis of unassociated 2FGL sources in [34]).
However, there remains the possibility that a subset of the unassociated sources might be
dark matter subhalos.
We will compare our predicted number of detectable subhalos to the number of candidate
dark matter subhalos in 3FGL as found by Bertoni et al. [36]. Discarding time-variable
unidentified sources, they performed spectral tests to determine the compatibility of the
spectra of the unidentified sources with WIMP annihilation spectra. For unidentified sources
which they identified as spectrally compatible with dark matter subhalos, they provided
dark matter mass ranges for which the annihilation spectra provide good fits to the data in
the case of annihilations to bb¯, based on a chi-squared analysis. The number of compatible
unidentified sources as a function of dark matter mass, as found by [36], is shown in the right
panel of Fig. 1. The relatively large number of candidate sources corresponding to dark
matter masses of 20 − 40 GeV are likely pulsars, as typical gamma-ray pulsar spectra are
similar to those for a dark matter particle in that mass range annihilating to bb¯ [77].
Our aim is to predict the number of dark matter subhalos that might be present as
unidentified point sources in the 3FGL catalog. Therefore, we want to define the detectability
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Figure 2: Energy flux distribution of sources at high Galactic latitude (|b| > 10◦) in the
Fermi LAT 3FGL source catalog, in different photon energy ranges: Left: 100 MeV to 100
GeV (blue) and 1 GeV to 100 GeV (green); Right: 10 GeV to 100 GeV.
of a source according to the threshold for inclusion in 3FGL. In the left panel of Fig. 2, the
energy flux distributions of sources in 3FGL at |b| > 10◦ are shown for the photon energy
range 100 MeV − 100 GeV and for the photon energy range 1 GeV − 100 GeV. The peaks
of the distribution are at ∼ 4.0 · 10−12 erg/cm2/s and ∼ 1.35 · 10−12 erg/cm2/s, respectively.
The figure also shows that the energy flux above 1 GeV of the faintest source in 3FGL is
∼ 4.0 · 10−13 erg/cm2/s.
We expect dark matter annihilation spectra to be harder than the gamma-ray spectra
produced by pulsars and blazars, that is, we expect gamma rays from dark matter anni-
hilations to have in general higher energies than gamma rays from blazars or pulsars [50].
Because many unidentified sources are expected to be blazars or pulsars, we choose not
to use the detectability threshold inferred from the energy flux distribution in the range
100 MeV − 100 GeV, but rather that inferred from the energy flux distribution in the range
1 GeV − 100 GeV.
As a conservative detectability threshold, we will take the energy flux above 1 GeV
corresponding to the peak of the distribution: Fcons ≡ F>1 GeV = 1.35 · 10−12 erg/cm2/s. We
expect the catalog to be complete down to the peak of the distribution, i.e., all sources with
fluxes above the peak value have been detected regardless of their spectra. Therefore, we are
confident this is a conservative detectability threshold. As a (very) optimistic detectability
threshold, we will take the energy flux above 1 GeV corresponding to the energy flux of the
faintest source in 3FGL: Fopt ≡ F>1 GeV = 4.0 · 10−13 erg/cm2/s.
Because the gamma-ray spectrum resulting from dark matter annihilations to τ+τ− is
harder than that produced in annihilations to bb¯, the energy flux in the range 10 − 100 GeV is
higher in the case of annihilations to τ+τ− than in the case of annihilations to bb¯. Therefore,
we expect more detectable sources for dark matter annihilating to τ+τ− than for annihilations
to bb¯ if we use a detectability threshold inferred from the energy flux distribution of sources
in 3FGL in the energy range 10 − 100 GeV. The peak of the energy flux distribution of 3FGL
sources in this energy range is 4.43 · 10−13 erg/cm2/s (right panel of Fig. 2), and we will use
this detectability threshold, denoted by Fcons,τ+τ− , in the case of annihilations to τ
+τ−.
We exclude all subhalos in VL-II with latitudes smaller than 10 degrees, because a point
source at lower latitude — that is, closer to the Galactic Plane — would be much harder
to detect due to the strong Galactic background and would therefore have to have a higher
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Figure 3: Number of detectable point-like (blue) and spatially extended (green) subhalos in
VL-II as a function of subhalo mass in the case of a 40 GeV dark matter particle annihilating
to bb¯ (left) or τ+τ− (right) with a cross section of 〈σv〉 = 3 · 10−25 cm3 s−1 (ten times
larger than the thermal cross section). Subhalos are considered detectable if their gamma-
ray energy flux above 1 GeV exceeds Fcons (left) or if their gamma-ray energy flux above 10
GeV exceeds Fcons,τ+τ− (right). The error bars correspond to 1 sigma due to rotating the
observer position around the Galactic Center. Spatial extension is defined according to Eq.
2.5. The J-factors of spatially extended sources were calculated by integrating the luminosity
out to to the containment angle of Fermi LAT at Eγ = 1 GeV.
energy flux than the threshold we inferred from the energy flux distribution of sources in
3FGL at latitudes above 10 degrees.
4 Results
4.1 Number of detectable subhalos
The VL-II halo provides a model of the Milky Way, but it cannot capture the orientation of
the Galactic disk, much less the specific location of the Earth within this simulated halo. A
realistic assumption is that the Galactic disk should be coinciding with the plane perpendic-
ular to the major axis of the dark matter halo. Because the z-direction in VL-II is roughly
coincident with the major axis of the halo, we assume the Galactic plane to be corresponding
to z = 0. To generate multiple realisations of the dark matter subhalo population around
Earth, we placed the observer at 8.5 kpc (roughly the distance from the Galactic center to
Earth) from the center of the halo and rotate it around this point in the x, y-plane, keeping
the distance to the Galactic center constant.
Figure 3 shows the number of detectable subhalos as a function of subhalo mass, in the
case of annihilations to bb¯ and τ+τ−, respectively. In both plots, a relatively high annihilation
cross-section of 3 · 10−25 cm3 s−1 is assumed, to illustrate the typical masses of detectable
subhalos. Flux thresholds Fcons and Fcons,τ+τ− were used for annihilations to bb¯ and τ
+τ−,
respectively. The error bars in the plots correspond to the 1 sigma scatter arising from the
24 different observer locations in the VL-II halo that we used.
In Fig. 4, the number of detectable subhalos is plotted against the annihilation cross-
section for several choices of WIMP masses, annihilation channels and choices of the energy
flux threshold. The error bars correspond to 1 sigma due to rotating the observer position
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Figure 4: Number of detectable point-like (blue) and spatially extended (green) subhalos
plotted against the annihilation cross-section for several scenarios. The dark matter particle
mass, annihilation channel, and adopted energy flux threshold are indicated on each panel.
The error bars correspond to 1 sigma due to rotating the observer position around the
Galactic Center. The J-factors of spatially extended sources were calculated by integrating
the luminosity out to to the containment angle of Fermi LAT at Eγ = 1 GeV.
around the Galactic Center, like in Fig. 3, and spatial extension is defined according to Eq.
2.5. The predicted number of detectable subhalos per panel for a thermal cross-section is
given in Table 1. Fig. 5 shows the number of detectable subhalos averaged over observer
positions for different choices of the dark matter particle mass in the case of annihilations
to bb¯ and τ+τ−, respectively. In Fig. 6 the number of detectable subhalos is plotted against
dark matter particle mass for a thermal cross-section and annihilations to bb¯ and τ+τ−,
respectively.
4.2 Upper limits on the annihilation cross-section
In Fig. 7 we present our upper limits on the dark matter annihilation cross-section as
function of the dark matter particle mass mχ in the case of annihilations to bb¯ and in the
case of annihilations to τ+τ−. The solid lines were obtained by calculating the value of the
annihilation cross-section for which 95 % of the realisations predict one or more detectable
subhalos. Thus, the solid line corresponds to our 95 % confidence level constraints in the
case of no candidate dark matter subhalos in 3FGL. For annihilations to bb¯ (left panel),
– 7 –
mχ ann. channel flux threshold Ndet
40 bb¯ Fcons 2.8± 0.8
40 bb¯ Fopt 9.8± 1.6
40 τ+τ− Fcons, τ+τ− 3.3± 0.8
100 bb¯ Fopt 4.5± 0.8
Table 1: Predicted number of detectable subhalos for different choices of dark matter mass,
annihilation channel and flux threshold, in case of a thermal cross-section. Errors correspond
to 1 sigma due to 24 different observer positions.
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Figure 5: Number of detectable point-like subhalos plotted against the annihilation cross-
section for different values of the dark matter particle mass mχ. The number of detectable
subhalos per value of the annihilation cross-section was averaged over 24 observer positions.
Left: assuming annihilation into bb¯, and energy flux threshold Fcons. Right: assuming anni-
hilation into τ+τ−, and energy flux threshold Fcons,τ+τ− .
the dashed line was obtained in the same way as the solid line, but by requiring that for a
given mass mχ, 95 % of the realisations predict more detectable subhalos than the number of
candidate subhalos in 3FGL compatible with that value of mχ, as presented by [36] (see the
right panel of Fig. 1). We did not have this information for the case of annihilations to τ+τ−,
and for this scenario we therefore only present the optimistic upper limits on the annihilation
cross-section corresponding to the absence of any candidate dark matter subhalos in 3FGL,
in the right panel of Fig. 7.
5 Discussion and conclusions
While other studies [e.g. 36] have used a mass function and radial distribution of subhalos in
the Milky Way as determined from numerical simulations and then extrapolated to masses
below the resolution limits of these simulations, we avoid the uncertainties associated with
these extrapolations by restricting our study to halos above the mass resolution limit — we
do not expect the subhalos below the mass resolution limit to be detectable anyway, since
such halos would have to be unrealistically close; see the left panel of Fig. 1. Fig. 3 confirms
this expectation: there are no detectable subhalos in the still well-resolved 105M mass
range. Using observable quantities in VL-II to define subhalo density distributions, we have
not made assumptions regarding the effect of tidal stripping, as opposed to [36].
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Figure 6: Number of detectable point-like (blue) and spatially extended (green) subhalos
plotted against dark matter particle mass mχ, for a thermal cross-section and annihilation
into bb¯ (left) and annihilation into τ+τ− (right). The error bars correspond to 1 sigma due
to rotating the observer position around the Galactic Center.
In our results we have also shown the number of spatially extended sources that would
be detectable. However, this result should be critically assessed: in calculating this number,
we have not performed a line-of-sight integral of the dark matter density squared, rather, we
integrated the density squared out to the 68 % containment angle at 1 GeV of Fermi LAT.
Moreover, we used a detectability threshold corresponding to the threshold for the inclusion
of point sources in 3FGL, whereas spatially extended sources are less detectable than point
sources due to the challenges of background modelling [50].
Adopting the peak of the energy flux distribution above 1 GeV of sources in 3FGL as
the energy flux threshold for inclusion in 3FGL, we have found that 2.8 ± 0.8 subhalos in
a Milky Way-like halo would be detectable with Fermi LAT as a point source at 5-sigma
level in the case of a 40 GeV dark matter particle annihilating to bb¯-quarks at a thermal
cross-section. This is compatible with the findings of Pieri et al. [25]. If we instead take an
optimistic approach by taking the energy flux above 1 GeV of the faintest source included in
3FGL as the threshold for inclusion in 3FGL, we find 9.8± 1.6 detectable subhalos.
For a 100 GeV dark matter particle annihilating to bb¯ at a thermal cross-section, a
scenario that has not yet been excluded by the most stringent upper limits on the annihilation
cross-section set by Fermi LAT in their combined dwarf analysis ([78]), we predict 4.5± 0.8
detectable point-like subhalos using the energy flux above 1 GeV of the faintest source in
3FGL as the threshold for detectability. Although this choice of threshold is probably too
optimistic, this result does indicate that even though no significant gamma-ray emission was
observed from dwarf galaxies, we might still expect to find dark matter subhalos among the
unidentified sources of Fermi LAT.
Our results are slightly in tension with the results of Bertoni et al. [36]. Whereas we pre-
dicted ∼ 3 detectable subhalos for a 40 GeV dark matter particle annihilating to bb¯, Bertoni
et al. [36] predicted ∼ 10 detectable subhalos for the same dark matter particle parameters
and a slightly more conservative detectability threshold. For this reason, our upper limits on
the annihilation cross-section using the dark matter subhalo candidate population in 3FGL
from [36] are slightly weaker than those presented in [36]. We identify the origin of this
discrepancy in their optimistic choice of dark matter density profile. As discussed in Ref.
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Figure 7: 95 % confidence level upper limits on the dark matter annihilation cross-section as
function of the dark matter particle mass mχ, in the case of 100% annihilation into bb¯ (left)
and τ+τ− (right). The solid line represents the constraint that would have been obtained if
there were no dark matter subhalo candidate sources in 3FGL. The dashed line represents
the constraint taking into account the population of candidate sources as provided by [36].
Candidate sources are compatible with dark matter annihilation spectra at 95 % confidence
level. The dotted line corresponds to a thermal cross-section. Subhalos are considered
detectable if their gamma-ray energy flux above 1 GeV exceeds Fcons (left) or if their gamma-
ray energy flux above 10 GeV exceeds Fcons,τ+τ− (right).
[35], the authors of Ref. Bertoni et al. [36] describe halos with an Einasto profile, and by
comparing the mass fraction in subhalos in the local volume with the mass fraction in subha-
los at the virial radius of a halo in the Aquarius simulation, they assume the halos lose 99.5
% of their initial mass due to tidal stripping, without modifying the density profile within
the tidal radius. This means that a 107M stripped halo has a scale radius corresponding to
a 2 · 109M halo before tidal stripping. In Fig. 8 we compare the density profile of a 107M
halo used in our analysis with the corresponding profile used in [36].
If we consider a 105M subhalo after tidal stripping, in the analysis of [36] this subhalo
had a mass of 2 · 107M before infall into the host halo. Following [36] in adopting the
concentration-mass relation presented in [75], a 2 · 107M halo with a density distribution
described by the Einasto profile used by [36] has a scale radius (the radius at which the
logarithmic slope of the profile equals -2) of 0.42 kpc (using a NFW profile, the halo would
have a scale radius of 0.33 kpc instead). The radius within which 105M is contained is
0.056 kpc. Thus, the authors of Ref. [36] assume that even the parts within the scale radius
of a halo get destroyed due to tidal effects. However, the tidal radii — defined as the radius
at which the density of the subhalo is equal to the density of the host halo [71] — of the
subhalos in VL-II are larger than their scale radii. This means that the matter within the
scale radii of the subhalos in VL-II have survived tidal stripping, in contradiction with the
assumption of [36].
The main conclusions from our analysis can be summarised as follows:
1. In the case of a 40 GeV WIMP annihilating to bb¯ at a thermal cross-section, we predict
between 2.8± 0.8 (using a conservative detectability threshold) and 9.8± 1.6 (using an
optimistic detectability threshold) dark matter subhalos among the unidentified sources
of 3FGL.
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Figure 8: Comparison of the NFW profile we assigned to a 107M halo in VL-II with the
Einasto profile Bertoni et al. [36] assigned to the same halo before tidal stripping.
2. For a 100 GeV WIMP annihilating to bb¯ at a thermal cross-section, a scenario that is
not excluded by current constraints, we predict 4.5±0.8 dark matter subhalos in 3FGL
using an optimistic detection threshold.
3. We placed upper limits on the dark matter annihilation cross-section using our results
obtained for a conservative detectability threshold. These limits are competitive with
constraints by other studies in the case that there are no dark matter subhalo candidates
in 3FGL.
4. Our results are in tension with those of Bertoni et al. [36], due to their overly optimistic
assumptions concerning the amount of tidal stripping.
Note added: As we were finalising our work, a new analysis by Zhu et al. [79] showed
that the stellar disk of a Milky Way-size galaxy may substantially deplete subhalos near the
central region. The total number of low-mass subhalos in their hydrodynamic simulation is
roughly half the number that are in a dark-matter–only simulation. If confirmed, this effect
would further reduce the detectability of dark matter subhalos.
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A Estimating subhalo parameters from the VL-II simulation
A.1 From rV max and Vmax to NFW profile parameters
Two observable quantities of subhalos in the VL-II simulation are the maximum circular
velocity, Vmax, and the radius at which this velocity is reached, rV max. For a NFW density
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profile, the following relations hold [80]
rs = rV max/2.163 (A.1)
V 2c (r) = 4piGρsr
3
s
f(r)
r
, (A.2)
where
f(r) = ln
(
1 +
r
rs
)
− r/rs
1 + r/rs
. (A.3)
Plugging in Vmax for Vc(r) in Eq. A.2, we find
V 2max = 4piGρsr
3
s
1
2.163rs
[
ln(3.163)− 2.163
3.163
]
, (A.4)
such that we can write ρs in terms of rs and Vmax:
ρs =
2.163 · V 2max
4piGr2s [ln(3.163)− 2.163/3.163]
(A.5)
Using Eqs. A.1 and A.5, we can fully determine a NFW profile for each halo in the simulation.
The virial radius r200 can be found by requiring that 200 times the critical density equals the
average density within the virial radius.
A.2 Scaling rVmax to Planck15 cosmological parameters
The concentrations and velocity profiles of subhalos in CDM simulations such as VL-II are
dependent on the adopted cosmological parameters [81]. As predicted by the theory of hi-
erarchical structure formation, the later small-mass halos (which could eventually become
subhalos in a Milky Way-like host halo) form in the history of the Universe, the less con-
centrated they are, reflecting the lower density of the Universe at later times. Therefore,
adopting cosmological values that shift the small-mass halo formation to later epochs results
in less concentrated subhalos. The concentration of a halo is related to its radius of maximum
circular velocity rVmax. In [81], Polisensky and Ricotti show how rVmax in CDM simulations
scales with the cosmological parameters σ8 and ns at fixed Vmax (they found no dependence
of rVmax on other cosmological parameters). This scaling is given by:
rVmax ∝ (σ85.5ns)−1.5 (A.6)
The VL-II simulation is based on the WMAP3 cosmology and has σ8 = 0.74 and ns = 0.951.
The latest Planck results provide σ8 = 0.82 and ns = 0.9667 [51], such that the scaling
becomes:
rVmax, Planck15 =
rVmax, VLII
1.21
(A.7)
In our analysis, we used Eq. A.7 to scale the rVmax-values of the halos in VL-II to the latest
values of the cosmological parameters as found by the Planck satellite. For a given maximum
circular velocity, the radius of maximum circular velocity becomes smaller, which means that
the subhalos in VL-II become more concentrated after applying Eq. A.7.
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